The structure of 4,7-dioxononanoic acid previously assigned on the basis of its NMR spectra, was confirmed by X-ray crystallography. The compound exhibits only one sharp peak in its solid state IR spectrum at 1685 cm -1 for its three carbonyl groups. A plausible explanation for this anomaly is provided by X-ray crystallography on the basis of crystal packing and dipole-dipole interactions in aligned arrays of carbonyl groups. This alignment is found in the carboxylic acid group as well, so that the hydrogen bonded interactions of the two carboxylic acid groups found normally in the "dimeric" structures of carboxylic acids in the solid state are not present in the title compound.
InTRODUcTIOn
4,7-Dioxocarboxylic acids are useful intermediates in the synthesis of γ-lactones. For instance, they can be reduced by zinc amalgam and concentrated hydrochloric acid to give 4-alkyl-γ-lactones, some of which are important as fragrance and flavour compounds (Terai & Tanaka, 1956 ). They can also be reduced to 7-hydroxy-γ-lactones with sodium borohydride, where the 7-hydroxy group provides a convenient handle for the modification of the side chain (Abeysekera et al., 2008) . Due to the presence of two keto carbonyl groups in a 1,4-relationship as well as a carboxyl carbonyl group and keto carbonyl group in a 1,4-relationship, the 4,7-dioxocarboxylic acids are potentially good precursors for the synthesis of 5-and 6-membered heterocyclic and fused heterocyclic compounds (Katritzky & Rees, 1984) .
While the synthesis of 4,7-dioxo acids have been known for over a hundred years, our group recently reported for the first time their 1 H and 13 C NMR spectroscopic data including that of 4,7-dioxononanoic acid (4) (Abeysekera et al., 1991 (Abeysekera et al., , 2008 . The solid state IR spectra of 4,7-dioxocarboxylic acids are anomalous in that only a single sharp absorption band for carbonyl stretching is observed at 1685 cm -1 . In order to confirm that the synthesized compound identified as 4,7-dioxononanoic acid had the structure (4), a single crystal X-ray structure analysis was carried out. The results presented here, not only confirmed the structure, but also provided a plausible explanation for its anomalous IR spectrum.
MeTHODS AnD MATeRIALS
Instrumentation X-ray crystallography was carried out using a Rigaku R-AXIS RAPID diffractometer. IR spectra were recorded on a Thermo Nicolet iS10 mid IR FT-IR spectrometer.
Synthesis of 4,7-dioxononanoic acid (4)
4,7-Dioxononanoic acid (4) was synthesized according to the procedures reported previously (Midorikawa, 1953; Abeysekera et al., 1991 Abeysekera et al., , 2008 . The pure product (4) was obtained as white triangular plates in 10.3 % yield.
X-ray crystallography
The slow evaporation of a hexane and ethyl acetate solution of compound (4) yielded crystals suitable for single crystal X-ray structure determination. A colourless block crystal having approximate dimensions of 0.40 × 0.30 × 0.10 mm 3 was mounted on a glass fiber.
Diffraction measurements were made on a Rigaku R-AXIS RAPID imaging plate area detector with graphite monochromated Mo-Kα radiation at a temperature of -50 ± 1 o C to a maximum 2Ө value of 54.9 o . Intensity data were corrected for Lorentz and polarization effects. The structure was solved using the direct methods programme SIR92 and expanded using Fourier techniques (Altomare et al., 1994; Beurskens et al., 1999) . The non-hydrogen atoms were refined anisotropically and the hydrogen atoms using the riding model. Subsequent full-matrix least squares refinement was carried out using the Crystal Structure Crystallographic software package (Carruthers et al., 1999; Rigaku & Rigaku, 2000 -2007 .
ReSULTS AnD DIScUSSIOn

Synthesis
Furfural (1) was condensed with methyl ethyl ketone (2) in alkaline medium to yield furfurylidene ketone (3), which was then subjected to acid catalysed hydrolytic ring cleavage to produce 4,7-dioxononanoic acid (4) as reported previously ( Figure I ) (Midorikawa, 1953; Abeysekera et al., 1991 Abeysekera et al., , 2008 . molecule adopts a planar, extended conformation. This is likely to be the most stable conformation of the molecule with a staggered anti-conformation for each dimethylene group, and an anti-periplanar arrangement of the 1,4 and 4,7 dicarbonyl groups. Bond lengths and bond angles involving carbon and oxygen are presented in Tables 2  and 3 , respectively. Bond lengths for Csp 3 -Csp 3 bonds fall within the range of 1.519 -1.523 Å, while that for 
X-ray crystallography
The solid-state molecular structure of compound (4) is shown in Figure 2 . X-ray crystallography, which is the most accurate and direct method available for molecular structure determination confirms the structure that was previously proposed for 4,7-dioxononanoic acid (4) using NMR spectral data (Abeysekera et al., 2008) .
Compound (4) has crystallized in the monoclinic space group P2 1 /c with a two-fold crystallographic axis. Crystal data, details concerning data collection and structure refinement are given in Table 1 . In the solid-state, the (4) with atom numbering scheme. Thermal ellipsoids are drawn at the 50 % probability level. Crystal packing of compound (4) is given in Figure  3 . The adjacent molecules are linked through electrostatic interactions formed between hydroxyl groups of carboxylic acid groups at one end and van der Waals interactions between alkyl substituents at the other end to form infinite chains along the bc crystallographic plane. These chains in turn stack one below the other infinitely along the ab crystallographic plane and are held together by dipole-dipole interactions between aligned keto and carboxyl carbonyl groups. The solid state intermolecular non-covalent carbonyl distances for compound (4) are given in Figure 4 . It seems that dipole-dipole interactions between aligned carbonyl groups of keto and carboxyl carbonyl groups are the primary stabilizing force for the crystal packing of compound (4) Pure carboxylic acids in the liquid or solid-state exist as dimers held together by hydrogen bonding formed between carbonyl oxygen and hydroxyl hydrogen of the carboxylic acid groups with a linear arrangement of the atoms involved (carbonyl oxygen and hydroxyl hydrogen and oxygen) (Silverstein et al., 1991) . However, compound (4) does not exhibit this normal hydrogen bonding interactions between carboxylic acid groups of adjacent molecules, which rather interact by electrostatic interactions between adjacent carboxylic acid hydroxyl groups. It seems that dipole-dipole interactions between aligned carbonyl groups of keto and carboxyl groups of compound (4) in its solid-state is making the carbonyl oxygen of the carboxyl group unavailable for hydrogen bonding. 
IR spectroscopy
Solid-state IR spectrum of compound (4) showed a single sharp carbonyl (C=O) stretching absorption frequency at 1685 cm -1 for the keto carbonyl groups and for the carboxyl carbonyl group (Figure 5 ). The typical keto carbonyl stretching absorption frequency is observed at 1715 cm -1 (Silverstein et al., 1991) . In this case, however, O ( Lowering of IR carbonyl stretching absorption frequencies in the solid-state due to strengthened electrostatic interactions as a consequence of crystal packing has been documented (Etter, 1976; Painter et al., 2000) . Although keto carbonyl groups and the carboxyl carbonyl groups interact independently of each other and should give two distinct stretching absorption frequencies in the IR spectrum, there appears to be a fortuitous overlap of the two stretching absorption frequencies. This interpretation of the solid-state IR spectrum of compound (4) is further supported by the observation of two stretching absorption frequencies, one at 1715 cm -1 for the keto carbonyl group and one at 1705 cm -1 for the carboxyl carbonyl group arising from the hydrogen bonded dimer in a 0.02 M solution of this compound in CCl 4 .
cOncLUSIOn
The molecular structure of 4,7-dioxononanoic acid (4), which was previously supported by NMR spectroscopic data has been confirmed by single crystal X-ray structure analysis. The solid-state crystal packing of this compound, which indicates intermolecular dipole-dipole interactions, also provides a plausible explanation for its anomalous IR spectrum.
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